The SAR11 clade, here represented by Candidatus Pelagibacter ubique, is the most successful group of bacteria in the upper surface waters of the oceans. In contrast to previous studies that have associated the 1.3 Mb genome of Ca. Pelagibacter ubique with the less than 1.5 Mb genomes of the Rickettsiales, our phylogenetic analysis suggests that Ca. Pelagibacter ubique is most closely related to soil and aquatic Alphaproteobacteria with large genomes. This implies that the SAR11 clade and the Rickettsiales have undergone genome reduction independently. A gene flux analysis of 46 representative alphaproteobacterial genomes indicates the loss of more than 800 genes in each of Ca. Pelagibacter ubique and the Rickettsiales. Consistent with their different phylogenetic affiliations, the pattern of gene loss differs with a higher loss of genes for repair and recombination processes in Ca. Pelagibacter ubique as compared with a more extensive loss of genes for biosynthetic functions in the Rickettsiales. Some of the lost genes in Ca. Pelagibacter ubique, such as mutLS, recFN, and ruvABC, are conserved in all other alphaproteobacterial genomes including the small genomes of the Rickettsiales. The mismatch repair genes mutLS are absent from all currently sequenced SAR11 genomes and also underrepresented in the global ocean metagenome data set. We hypothesize that the unique loss of genes involved in repair and recombination processes in Ca. Pelagibacter ubique has been driven by selection and that this helps explain many of the characteristics of the SAR11 population, such as the streamlined genomes, the long branch lengths, the high recombination frequencies, and the extensive sequence divergence within the population.
Background
The heterotrophic oceanic bacterium Candidatus Pelagibacter ubique belongs to the so-called SAR11 clade of the Alphaproteobacteria (Giovannoni et al. 1990) , which is implicated to play a pivotal role in the oceanic carbon cycle. As inferred from rRNA sequence abundances, the SAR11 clade is one of the most successful microbial groups on Earth, with an estimated 2.4 Â 10 28 cells in the oceans (Morris et al. 2002) , representing 30-40% of total cell counts and up to 20% at depths between 250 and 3,000 m. By taking the relative cell size differences into account, as estimated by microscopic imaging, the SAR11 cells were calculated to contribute 9% and 18% of the biomass below and above 200 m, respectively (Morris et al. 2002) . Consistently, analyses of the 6.3 billion bp metagenomic sequences sampled from the upper surface waters by the Sorcerer II Global Ocean Sampling (GOS) expedition confirmed that SAR11 represents the most abundant ribotype in coastal, estuary, and open ocean habitats (Rusch et al. 2007; Biers et al. 2009 ).
The genome sequence of Ca. Pelagibacter ubique strain HTCC1062 is only 1.3 Mb in size , as is the genome of the methylotroph OM43 associated with phytoplankton blooms in coastal ecosystems (Giovannoni et al. 2008) . These oceanic bacteria have the smallest genomes of all free-living bacteria that have been sequenced thus far. Genome sizes below 1.5 Mb are typical for host-adapted lineages (Ettema and Andersson 2009; Toft and Andersson 2010) , such as for example of the Rickettsiales . Surprisingly little is known about the rate and patterns of genome reduction in the SAR11 clade, as compared with the many studies of these processes in the Rickettsiales and other obligate intracellular bacteria (Fuxelius et al. 2008; Toft and Andersson 2010) .
This lack of knowledge is all the more surprising in the light of the fact that Ca. Pelagibacter ubique was identified as a sister lineage to the Rickettsiales based on a phylogenetic analysis of a concatenated alignment using Bayesian methods (Williams et al. 2007) , and, according to the National Center of Biotechnology Information (NCBI) taxonomy, it is even considered to be a member of the Rickettsiales. Likewise, a global phylogeny with an improved taxonomic sampling of previously underrepresented groups placed Ca. Pelagibacter ubique as a sister species of the intracellular members of the Rickettsiales (Wu et al. 2009 ). Accordingly, the SAR11 group is thought to represent the closest free-living relative of the Rickettsiales. As such, much of the genome downsizing could have occurred prior to the evolution of the host-adaptive lifestyle.
Conversely, the niche in which members of the SAR11 and the Rickettsiales clades reside could hardly be more different with population sizes and population dynamics having evolved to the opposite extremes. The intracellular lineages are characterized by host specialization, small population sizes, and repeated bottlenecks (Toft and Andersson 2010) , whereas the SAR11 clade is free living and thought to have the largest population size of all bacteria (Morris et al. 2002) . Hence, the influence of selection on gene content and genome size should be much stronger in the SAR11 clade than in the Rickettsiales.
Moreover, the conditions in the oceans are fundamentally different from the nutrient-dense cytoplasm of the eukaryotic cell. The oceans undergo seasonal variations in productivity, and the abundance of nutrients is higher at the surface and in coastal waters than in the deep open ocean (Wu et al. 2000; Lipschultz 2001 ). In the Sargasso Sea, the SAR11 population reaches its highest abundance in summer and autumn when the concentrations of phosphorous and nitrogen are at the lowest levels. Ecological data indicate the existence of a few SAR11 ecotypes that can be differentiated phylogenetically or by their appearance at different depths and seasons (Morris et al. 2002 (Morris et al. , 2005 .
Unlike many other free-living bacteria, the SAR11 population appears not to be driven by selection for short generation times since the estimated growth rate of Ca. Pelagibacter ubique is only 0.4-0.6 cell divisions per day and does not increase in nutrient-rich environments Zubkov et al. 2002) . Likewise, Prochlorococcus strains with small genomes have a doubling time above the median of cyanobacteria with much larger genomes (Vieira-Silva et al. 2010) . It therefore seems unlikely that there has been selection for genome downsizing in the oceans to maximize growth rates by reallocating phosphorous and nitrogen from DNA to RNA, as suggested previously (Hessen et al. 2010) .
Rather, it is hypothesized that the small genome size has been selected to optimize survival under nutrient-poor conditions by maximizing the surface-to-volume ratios to improve nutrient transport function and increase the concentration of nutrients inside the cell to optimize substrate-processing rates (Button 1991; Dufresne et al. 2005; Giovannoni et al. 2005) . Consistently, the biovolume of the SAR cells is very small, only 0.01 lm 3 , and mass spectrometry analyses have revealed a high abundance of periplasmic proteins, specifically substrate-binding proteins for phosphate, amino acids, phosphonate, sugars, and spermidine (Sowell et al. 2009 ). Overall, a picture emerges of a genome that has been streamlined in a process driven by selection to optimize the use of the limiting resources available in the oceans (Dufresne et al. 2005; Giovannoni et al. 2005) .
The Rickettsiales genomes on the other hand have been reduced in size as a consequence of life in the eukaryotic cytoplasm, which is rich in amino acids, nucleotides, cofactors, and other key nutrients ). The presence or absence of biosynthetic genes correlates well with these different growth habitats. Genes for amino acid biosynthetic pathways are mostly absent from the Rickettsiales genomes , whereas the Ca. Pelagibacter ubique genome contains a complete set of genes for the biosynthesis of all 20 amino acids . In contrast to the genomes of the Rickettsiales that contain phages, plasmids and up to 30% of fragmented genes, pseudogenes, and noncoding DNA (Fuxelius et al. 2008) , the Ca. Pelagibacter ubique genome is nearly devoid of nonfunctional DNA and has the shortest intergenic regions (3 bp on the average) of all sequenced genomes thus far .
Clearly, the processes associated with genome reduction have been very different: In Ca. Pelagibacter ubique, this process, referred to as ''genomic streamlining,'' has resulted in rapid elimination of both genes and intergenic sequences, whereas in the Rickettsiales, the genome reduction process is slow, with no apparent selection on the removal of noncoding DNA (Fuxelius et al. 2008) . Although other cases are known of closely related lineages that have evolved under different selective pressures toward different lifestyles, the previously suggested close relationship of SAR11 and Rickettsiales (Williams et al. 2007; Wu et al. 2009 ) is hard to reconcile with such extreme differences in growth niches, population dynamics, and genome structures.
Here, we report a comparative genomics study of alphaproteobacterial species. We have examined their phylogenetic relationships using data sets with low AT/GC bias. Our results suggest that Ca. Pelagibacter ubique is a member of other free-living Alphaproteobacteria rather than a sister species to the Rickettsiales. Based on this new topology, we have traced the flux of genes throughout the evolutionary history of the Alphaproteobacteria to better understand the consequences of genome reduction in Ca. Pelagibacter ubique and to search for factors that could explain the success of the SAR11 clade in the oceans. We have identified patterns in the retention and loss of genes that might help explain many of the characteristics of the SAR11 clade.
Materials and Methods

Construction of Alphaproteobacterial Clusters of Orthologous Groups
The alphaproteobacterial genomes and proteomes used in the current study were downloaded from the NCBI (11 December 2007) . This amounted to 71 genomes, including the genome of Ca. Pelagibacter ubique strain HTCC1062, which was isolated at 10 m depth about 30 km from the cold waters of the Oregon coast. In order to define orthologous groups within the Alphaproteobacteria, the proteomes of the alphaproteobacterial species were subjected to all versus all basic local alignment search tool (BLAST) searches using BLASTP (Altschul et al. 1990 ). The output of these searches was subsequently used for clustering using TribeMCL (Enright et al. 2002) , applying a BLAST bitscore cutoff of 40. The clusters obtained using this cutoff value were defined as the alphaproteobacterial clusters of Viklund et al. · doi:10.1093/molbev/msr203 MBE orthologous genes (a-COGs). Functional classification of the a-COGs was achieved by conducting homology searches (BLASTP) with each a-COG protein against the NCBI COG database, using a cutoff value of E , 1 Â 10
À10
. COG annotations were assigned to respective a-COGs using a best-hit majority rule. The a-COGs are available upon request.
Genome shotgun sequence data have since the start of this project also been made available for two additional Ca. Pelagibacter ubique strains (HTCC1002 and HTCC7211) and for SAR11 strain HIMB114. Genome sequence data for these strains were downloaded from NCBI (13 April 2010), and protein-coding genes were identified using Glimmer3 (Delcher et al. 1999) and GeneMarkS (Besemer and Borodovsky 2005) . Functional annotation of genes of interest was performed manually.
Phylogenetic Analyses
An alphaproteobacterial species tree of 67 species was constructed using 58 pan-orthologous a-COGs containing one protein per species. Two of the 71 genomes initially downloaded from the NCBI ftp site (Agrobacterium tumefaciens str. C58 and Ehrlichia ruminatium str. Welgevonden) were omitted because they were sequenced twice. Another two genomes (Anaplasma marginale str. St. Maries and Rhodobacter sphaeroides ATCC 17029) were excluded because a number of orthologs were missing from the annotation lists and other very close strains were included instead. As outgroups for the analyses, we selected 11 gammaproteobacterial (Alcanivorax borkumensis, Alkalilimnicola ehrlichii, Chromohalobacter salexigens, Escherichia coli, Hahella chejuensis, Legionella pneumophila, Marinobacter aquaeolei, Nitrosococcus oceani, Pseudomonas aeruginosa, Psychrobacter arcticus, and Thiomicrospira crunogena) and 7 betaproteobacterial species (Aromatoleum aromaticum, Cupriavidus metallidurans, Janthinobacterium sp. Marseille, Methylobacillus flagellatus, Neisseria gonorrhoeae, Nitrosospira multiformis, and Polaromonas naphthalenivorans). If more than one homolog was retrieved from the outgroup species, only the closest homolog was retained. Alignments were generated with MAFFT using the local pair option and concatenated followed by removal of poorly conserved sites using Gblocks with default settings (Talavera and Castresana 2007) .
A second data set was constructed that included 135 alphaproteobacterial genomes downloaded from NCBI (28 April 2011). This represents all currently available alphaproteobacterial genomes except for the extremely reduced genome of Candidatus Hodgkinia cicadicola. Orthologs to the 58 selected proteins were extracted from all the additional genomes, after which the alignments were expanded and filtered with GBlocks (Talavera and Castresana 2007) .
Maximum likelihood reconstructions with 100 bootstrap replicates were inferred with RAxML (Stamatakis 2006 ) using the LG (''Le and Gascuel'') (Le and Gascuel 2008) model for protein evolution. Bayesian analyses were performed with the aid of PhyloBayes (Lartillot and Philippe 2004) using the CAT (categories) model. A cross-validation to assess the fit of the CAT versus the
LG model was performed according to the PhyloBayes manual using 10 replicates. A Bayesian analysis was also performed with the CATBP model as implemented in nh_phylobase (Blanquart and Lartillot 2008) , with four separate chains run for 1,800 generations each. Although posterior probability (PP) values have stabilized for most nodes of the tree, individual nodes have not converged. As noted (Nesnidal et al. 2010) , converging nh_phylobase chains is time-consuming.
The three genes in Ca. Pelagibacter ubique identified as putative photolyases were blasted with psi-blast (Altschul et al. 1997 ) against a database comprising 1,162 completely sequenced bacterial and archaeal genomes (ALL). The homologs identified in the SAR11 strains were selected for analysis along with all homologs from Prochlorococcus and other cyanobacterial and proteobacterial species. The genes were aligned with MAFFT (Katoh et al. 2009 ) using the local pair option, guided with an alignment of 20 sequences of the FAD-domain downloaded from NCBI as seed. Trees were built using RAxML (Stamatakis 2006 ) and the WAG model. Domain analysis of alphaproteobacterial photolyase and O6-alkylguanine-DNA alkyltransferase (AGT) homologs was performed using PFAM (Finn et al. 2008) . Trees were drawn using Treegraph 2 (Stover and Muller 2010) .
Estimating the Effect of Compositional Biases on the Topology
The influence of compositional biases was estimated by comparing the topologies obtained from protein alignments chosen to have strong and weak amino acid compositional heterogeneity, respectively.
For the data set with 67 genomes, we calculated the frequencies of amino acids coded by codons with GC at the first two codon positions (aminoGC) after removal of sites with gaps in the alignment. For each protein, the variance of the aminoGC across all species was calculated. For the gene-based approach, we constructed two new data sets, one containing the 6 least biased proteins and one containing the 20 most strongly biased proteins, with the cutoffs chosen so as to make the two sets comparable in terms of the number of amino acid residues.
For the approach based on site-selection, we performed a bias-reduction-scheme inspired by Esser et al. (2004) . After removal of variable sites with the aid of Gblocks, a v 2 -score was computed for each alignment as follows:
where O i (t) is the number times amino acid i appears in taxon t, E i is the expected number of times amino acid i would appear in the taxon if it had the same distribution of amino acids as the overall alignment (excluding the outgroup). Next, we estimated the contribution of each site in the alignment to the v 2 -score by recalculating the score of the entire alignment excluding that site. Finally, the alignment was split into two equally sized parts with one half containing the sites that positively contributed to the v 2 -score (high bias) and the other Genome Reduction in the SAR11 Clade · doi:10.1093/molbev/msr203 MBE half containing the sites that contributed negatively to the v 2 -score (low bias).
Gene Flux Analyses
The most parsimonious scenarios of alphaproteobacterial genome evolution were reconstructed by character mapping using parsimony as implemented in PAUP* (Swofford 2003) on the rooted species tree as described previously (Boussau et al. 2004) , both with accelerated (acctran) and delayed (deltran) transformations, applying penalties for gene genesis, gene loss, and gene duplication as 2, 1, and 1, respectively.
Inferring Relative Protein Abundance in the SAR11 Population a-COGs were selected that displayed similar cluster size and protein length distribution as the a-COGs for the MutS and MutL proteins. All proteins in the selected a-COGs were used as queries in BLASTP searches against the GOS expedition database and a database comprising all microbial genomes (ALL, see above) (excluding Ca. Pelagibacter ubique proteins when present). The total number of BLAST hits (E , 1 Â 10 À10 ) was recorded for each search, and the ratio of hits to the GOS versus the ALL database was calculated.
Results
Phylogenetic Placement of Ca. Pelagibacter ubique in the Alphaproteobacterial Species Tree
To reconstruct the pattern of genome reduction in Ca. Pelagibacter ubique, a robust alphaproteobacterial species tree was needed, as well as high-quality clusters of homologous genes (a-COGs). To this end, we clustered the coding content of the 71 alphaproteobacterial genomes initially downloaded from NCBI into 31,902 alphaproteobacterial-specific clusters of orthologous genes, the so-called a-COGs. Of these, we selected 67 genomes (supplementary table S1, Supplementary Material online) and 58 pan-orthologous proteins, present in one and only one copy per genome (supplementary table S2, Supplementary Material online) to reconstruct the alphaproteobacterial species phylogeny. The number of taxa was recently updated to include a total of 135 alphaproteobacterial genomes. Results from both the small and the large set of taxa are reported below.
The phylogeny inferred from a concatenated alignment of the 58 proteins from the 67 genomes using the Bayesian method with the CAT model displayed high support, with PP values of 1.0 at most nodes ( fig. 1 ). The topology obtained suggested that Ca. Pelagibacter ubique is not a sister species to the Rickettsiales as reported previously (Williams et al. 2007; Wu et al. 2009 ), but rather that it is located at the base of the Rhizobiales, Rhodobacterales, and Caulobacterales, and subtended by the Sphingomonadales and the Rhodospirillales. We confirmed that the CAT model was the best model for the Bayesian analysis based on a cross-validation test, in which CAT was preferred over the LG model, with a cross-validation score of 1170.05 (averaged over 10 replicates) with a standard deviation of 158.161. The same placement was also observed with the CAT-BP model (supplementary fig. S1 , Supplementary Material online), which was developed to compensate for compositional biases across taxa (Blanquart and Lartillot 2008) . In contrast, when the expanded data set of alphaproteobacterial genomes was analyzed (supplementary fig.  S2A , Supplementary Material online), or when maximum likelihood methods were used to infer the phylogeny (supplementary figs. S2B and S3, Supplementary Material online), the clustering of Ca. Pelagibacter ubique with the Rickettsiales was supported.
Assessment of Mutational Biases in the Data Set
Given the conflicting placements of Ca. Pelagibacter ubique in the alphaproteobacterial species tree (compare tree topologies depicted in fig. 2A and B), we suspected that the data were suffering from AT/GC mutational bias. This was motivated by the extreme variations in genomic G þ C content values for the included taxa, ranging from less than 30% in Ca. Pelagibacter ubique and the Rickettsiales and to more than 65% in 15 free-living alphaproteobacterial species (supplementary table S1, Supplementary Material online). We used two independent approaches to investigate the influence of this bias on the tree topology. In one method (''gene''), we sorted proteins from the 58-protein data set into two groups of proteins with low and high AT/GC mutation bias, and in another method (''site''), we sorted sites of each individual gene into groups of sites with high and low bias, respectively.
To quantify the AT/GC bias in the data set, we calculated the frequencies of amino acids coded by codons with GC in the first two codon positions (aminoGC) for all 58 proteins after removal of sites with gaps in the alignment (supplementary table S3, Supplementary Material online). As expected, the amino acid composition patterns correlated well with the overall GC-bias of these genomes, with the AT-rich genomes of Ca. Pelagibacter ubique and members of the Rickettsiales having a much lower content of GCencoded amino acids as compared with species with GC-rich genomes ( fig. 2C and supplementary fig. S4 , Supplementary Material online). For each protein, we calculated the variance of the GC-encoded amino acid frequencies across all species (supplementary table S3, Supplementary Material online). Some proteins, such as RpoB, RplM, RpoA, RpsD, Pnp, and NusA, displayed only a relatively weak compositional bias, whereas other proteins, such as RpsT, RplJ, KsgA, NusB, and two hypothetical proteins a-COG00605 and a-COG00611, were strongly affected, with the standard deviation ranging from a minimum of 0.012 for rpoB to a maximum of 0.091 for a-COG00611 (supplementary table S3, Supplementary Material online). To determine the correlation between the strength of the compositional bias and the tree topology, we divided the genes into two sets, one that included the six proteins least affected by the mutational bias (spread ,0.020) and another set that included the 20 most strongly affected proteins (spread .0.040), Bayesian tree based on 58 concatenated pan-orthologous proteins, obtained using the CAT model. Candidatus Pelagibacter ubique is placed within a broad group of free-living alphaproteobacterial species that includes the Sphingomonadales, Rhodobacterales, Rhizobiales, and Caulobacterales, rather than as a sister species to the Rickettsiales. Nodes with PP value of 1.0 are indicated with black dots. For each species, an abbreviation is indicated in parenthesis, which is used throughout the manuscript.
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For the ''site'' approach, we performed a bias-reductionscheme inspired by Esser et al. (2004) . First, for each protein, we computed a v 2 -score for compositional bias for the alignment. Next, we estimated the contribution of each site in the alignment to the v 2 -score by recalculating the score of the alignment by excluding that site. Finally, for each protein, the alignment was split into two equally sized parts with one half containing the sites that positively contributed to the v 2 -score (high bias) and the other half containing the sites that contributed negatively to the v 2 -score (low bias).
Influence of Mutational Biases on the Placement of Ca. Pelagibacter ubique Subsequently, we aimed at determining the phylogenetic position of Ca. Pelagibacter ubique in the alphaproteobacterial species trees in analyses that included 67 and 135 taxa, respectively, and using the high and low bias data sets defined by the two different methods described above. Specifically, we investigated the statistical support for the hypothesis that Ca. Pelagibacter ubique clustered with the free-living Alphaproteobacteria (schematically shown in fig. 2A ) or with the Rickettsiales (schematically shown in fig. 2B ).
For the ''gene'' approach, phylogenetic analyses showed that Ca. Pelagibacter ubique was placed at the base of the Rickettsiales in the highly biased data set (supplementary fig. S5 , Supplementary Material online) but branched off prior to the Rhizobiales, Rhodobacterales, and Caulobacterales in the lowly biased set (supplementary fig. S6 , Supplementary Material online). Likewise, for the ''site'' approach, phylogenetic analysis of the most biased half of the aligned sites placed Ca. Pelagibacter ubique with the Rickettsiales (supplementary fig. S7 ,
The phylogenetic position of Candidatus Pelagibacter ubique is influenced by strong AT/GC mutational bias in the data set. Panels (A) and (B) show schematic phylogenetic trees highlighting the divergence node for Ca. Pelagibacter ubique as inferred from the lowly biased data set (yellow circles, with free-living Alphaproteobacteria) and the highly biased data sets (red circle, with Rickettsiales), respectively. (C) Box plot of aminoGC distribution among alphaproteobacterial pan-orthologous genes for all selected genes and for subsets of genes that display high and low bias. The highly biased set includes the 20 most highly biased genes, whereas the lowly biased set includes the 6 least biased genes (see supplementary table S3, Supplementary Material online, for details). Each taxon is represented by a colored circle as follows: free-living Alphaproteobacteria, yellow; Rickettsiales, red; Ca. Pelagibacter ubique, blue. Note that the free-living species include facultative intracellular bacteria of the genus Bartonella and Brucella. (D) PP values and bootstrap support values for the divergence node of Ca. Pelagibacter ubique in phylogenetic analyses that have been carried out with the full data sets, as well as data sets that were divided into high and low bias subsets by means of site selection (''site'') or gene selection (''gene'') by using Bayesian and maximum likelihood (ML) approaches. ''Small'' and ''large'' refer to the number of taxa that were included in the analysis, being 67 and 135 alphaproteobacterial genomes, respectively. Yellow color indicates the highest support or PP value for either of the nodes in yellow in the topology shown in figure 2A . Red colors indicate support values for the node in red in the topology shown in figure 2B . The sole number in grey indicates the support for a placement at the root of the Alphaproteobacteria.
Viklund et al. · doi:10.1093/molbev/msr203 MBE Supplementary Material online), whereas it branched off prior to the Rhizobiales, Rhodobacterales, Caulobacterales, and Sphingomonadales when the phylogeny was inferred from the least biased half of the aligned sites (supplementary fig. S8, Supplementary Material online) . Thus, the same general trends were observed in all analysis, and of all the parameters tested (bias type [highlow] , bias method [site-gene], phylogenetic method [Bayesian-maximum likelihood], and size of the data set [67-135 taxa]), the strongest and only predictor of the topology was the bias type (summarized in fig. 2D ). Consistently, a likelihood ratio test to compare the likelihood of five different placements of Ca. Pelagibacter ubique supported a placement prior to the Sphingomonadales or Rhodobacterales for the lowly biased set and at the base of the Rickettsiales for the highly biased set (table 1) .
Retained Gene Functions in Pelagibacter
The placement of Ca. Pelagibacter ubique distantly from the Rickettsiales prompted us to examine the function of the retained sets of genes with those of the other Alpha proteobacteria. In order to facilitate the downstream data analysis and representation, we selected a representative set of 46 genomes, leaving 27,115 a-COGs that were divided into three sets with different species distribution patterns: a ''core'' set of 1,300-1,400 a-COGs containing genes that are broadly distributed among all alphaproteobacterial species, a ''plastic'' set that contains homologs in at least two genomes, and a ''species-specific'' set composed of genes that are present in only one genome. In Ca. Pelagibacter ubique, the core gene set is reduced to about 800 a-COGs and in the Rickettsiales it is even smaller, only about 500 a-COGs (fig. 3) . The plastic and species-specific gene sets account for most of the variation in genome sizes and encompass 200-500 a-COGs in Ca. Pelagibacter ubique and the Rickettsiales but may contain up to 3,000 a-COGs in the species with the largest genomes.
A functional breakdown of these gene sets revealed that Ca. Pelagibacter ubique shares much fewer clusters exclusively with the Rickettsiales (7 a-COGs) than it does with the other alphaproteobacterial genomes (372 a-COGs) (table 2). A closer inspection of the 7 a-COGs shared between the Rickettsiales and Ca. Pelagibacter ubique revealed that the homology between the respective proteins was relatively low and that the proteins were present in only a subset of the members of the Rickettsiales. Hence, we could not identify true orthologs uniquely shared by Ca. Pelagibacter ubique and the Rickettsiales.
Metabolic functions accounted for a large majority (197) of the functionally annotated a-COGs shared between Ca. Pelagibacter ubique and the free-living species. By far, the largest class, comprising 79 a-COGs, was associated with amino acid metabolism and transport, whereas the biosynthesis, degradation, and transport of other small molecules accounted for another 10-20 a-COGs per metabolic category. The fact that Ca. Pelagibacter ubique shares very few clusters exclusively with the Rickettsiales is fully consistent with the novel phylogenetic position of Ca. Pelagibacter ubique suggested in this study.
Lost Gene Functions in Pelagibacter
To follow the independent reduction of the proteomes of Ca. Pelagibacter ubique and the Rickettsiales, we mapped the a-COGs to the alphaproteobacterial tree using generalized parsimony (fig. 4) . The proteome size of the last alphaproteobacterial ancestor was estimated to roughly 1,600 a-COGs and the overall losses to about 827 and 875 a-COGs in each of Ca. Pelagibacter ubique and the Rickettsiales, of which approximately one-third of the clusters could be assigned functions (table 2) . We observed a more extensive loss of genes for metabolic functions in the Rickettsiales (375 vs. 300 a-COGs), in contrast to a slightly larger loss of genes for information processing functions in Ca. Pelagibacter ubique (117 vs. 103 a-COGs). Notably, we inferred a loss of as many as 42 a-COGs for replication and repair processes in Ca. Pelagibacter ubique, including the loss of genes for transposases, integrases, glycosylases, helicases, Nudix hydrolases, and DNA ligases, as compared with only 28 such losses in the Rickettsiales.
An in-depth analysis of the Ca. Pelagibacter ubique strain HTCC1062 genome revealed the lack of 12 genes for DNA replication-repair processes that are otherwise conserved among all alphaproteobacterial species (E , 1 Â 10 À10 ), including genes involved mismatch repair (mutL, mutS) and recombination processes (recB, recF, recN, ruvABC) ( fig.  5A ). Several additional genes in this functional category were also missing from Ca. Pelagibacter ubique, although not exclusively from this species. A BLAST analysis using all genes in each a-COG in this category as the query showed that these genes were also absent from the open ocean SAR11 strains HTCC1002 and HTCC7211 (E , 1 Â 10
À10
) and only four genes, recF, sod, xseA, and xseB, produced hits to the coastal strain HIMB114 (E , 1 Â 10
À20
). The functional status of some genes was difficult to infer because the genes were fragmented or encoded domains that are also present in proteins with other functions. For example, the mutT gene is a member of a large protein family with diverse functions that carry Nudix domains, making it difficult to distinguish MutT from other proteins with Nudix domain simply by BLAST analyses. This prompted us to investigate the single gene identified with a Nudix domain in the Ca. Pelagibacter ubique HTCC1062 genome. fig. S9 , Supplementary Material online). These observations supports the idea that the mutT gene function is absent from all four SAR11 strains. Yet other genes involved in DNA repair functions appear to be present in the genome, but truncated. For example, the inferred gene product of a gene with similarity to agt/ ada, encoding O(6)-methylguanine methyl transferase, contains only 92 amino acids, as compared with 160-180 amino acids for the AGT proteins and 350-380 for the ADA proteins (supplementary fig. S10 , Supplementary Material online).
Loss of the Mismatch Repair System in the Oceanic SAR11 Population
Neither mutL nor mutS could be identified in any of the other SAR11 strains with sequenced genomes (E , 1 Â 10 À10 ). To examine the representation of genes for the mismatch repair system (mutS and mutL) in the SAR11 population overall, we blasted these genes against the GOS metagenome data set (table 3) . We used all the identified genes in the a-COGs for MutS and MutL as queries (72 genes/COG) and recorded the number of hits (E , 1 Â 10 À10 ). For comparison, the same query genes were blasted against a data set that contains all prokaryotic genomes (ALL). As controls, we blasted a set of core genes with a similar species distribution pattern in the Alphaproteobacteria (70-75 species) and similar gene lengths (± 50 amino acids) as MutS and MutL, respectively. We estimated the relative fraction of BLAST hits to sequences in the GOS versus the ALL databases to 0.65 for MutL as compared with an average ratio of 1.98 for the 10 genes identified as suitable controls for MutL. Although too few broadly distributed genes of similar sizes as MutS could be identified, the trend was the same in that MutS also displayed a lower ratio (0.98) than the control genes (1.65) (table 3). These results are most compatible with a scenario in which both mutL and mutS are underrepresented in the GOS data set, and, by inference, from most or the whole SAR11 population that is present in the oceanic surface waters.
Horizontal Transfer of Photolyases between SAR11 and Cyanobacteria
The most common type of ultraviolet (UV)-induced damage is the formation of cyclobutan pyrimidine dimers (Wang 1976) . Photolyase (PhrB) is the sole enzyme in photoreactivation, which is the most effective pathway to resolve pyrimidine dimers (Schul et al. 2002) The bar graph shows the breakdown of each alphaproteobacterial genome into the following a-COG classes: the core (comprising genes assigned to the root by means of parsimony analysis), the plastic gene set (representing clusters that exist in at least two species), and the unique set (containing a-COGs that are only present in one of the alphaproteobacterial genomes here examined). The plastic and unique gene sets are further divided into two subcategories, ''Plasticþ'' and ''PlasticÀ'' and ''Species specificþ'' and ''Orfans,'' respectively, depending on whether or not they have at least one significant blast hit (E ,1 Â 10 À5 ) in any genome except those from Alphaproteobacteria.
Viklund et al. fig. S11A, Supplementary Material  online) . Interestingly, the Phr2 and Phr3 clusters are closely affiliated with cyanobacterial strains to the exclusion of other alphaproteobacterial species, whereas Phr1 was broadly similar to homologs in other free-living Alphaproteobacteria. To investigate this further, a phylogenetic analysis of Phr2 homologs was performed using full-length protein sequences from a reduced set of taxa. This analysis confirmed that the SAR11 clade is distinct from the clade encompassing all other alphaproteobacterial species ( fig.  6A and supplementary fig. S11B , Supplementary Material online), and instead, clustered with homologs from Prochlorococcus and Synechococcus sp. WH clusters with 92% bootstrap support. All other cyanobacteria formed a separate phylogenetic cluster with equally strong support, whereas all other Alphaproteobacteria clustered with beta-and gammaproteobacterial species. Likewise, the clustering of Prochlorococcus and SAR11 was supported by 98% in the Phr3 full-length protein tree ( fig. 6B and supplementary fig. S11C, Supplementary Material online) . These analyses suggest frequent exchange of photolyase genes across the cyanobacteria and the SAR11 clade, consistent with a broad phylogenetic study that showed high rates of loss and regain of photolyase genes in bacteria (Lucas-Lledo and Lynch 2009), presumably due to intensity changes in the UV light (Kettler et al. 2007 ).
Discussion
The Phylogenetic Placement of the SAR11 Clade This is the first study to suggest that Ca. Pelagibacter ubique clusters with free-living Alphaproteobacteria with large genomes ( fig. 1 ) rather than with obligate intracellular members of the Rickettsiales with small genomes (Williams et al. 2007 ). This finding is important because it implies that the process of genome reduction in the Rickettsiales and the SAR11 clade has occurred independently. Given the ubiquity of the SAR11 clade in the oceans and the extensive sampling of metagenome sequence data from this clade, it is unfortunate that its phylogenetic position was not correctly resolved previously. The underlying reason for this may be because divergences that extend back hundreds of millions of years are hard to infer since the phylogenetic signal is often weak even for highly conserved proteins. In such cases, nonphylogenetic signals caused by strong heterogeneity in base composition patterns across lineages (Foster and Hickey 1999; Foster 2004; Lartillot and Philippe 2004; Kubatko and Degnan 2007; Lartillot et al. 2007; Belfiore et al. 2008; Nesnidal et al. 2010 ) could override the true phylogenetic signal present in the data.
To identify the influence of such noise in our study, we conducted phylogenetic analyses with different gene sets, filtering procedures, substitution models, and phylogenetic methods. Specifically, we tested the hypothesis that the high AT content in the genomes of Ca. Pelagibacter ubique and the Rickettsiales and the high GC content in most other genomes could lead to erroneous results. Indeed, different topologies were observed for concatenated data sets with weak and strong compositional biases, respectively. This trend was noted in both maximum likelihood and Bayesian analyses, suggesting that both methods are Genome Reduction in the SAR11 Clade · doi:10.1093/molbev/msr203 MBE sensitive to heterogeneities in base composition patterns across taxa. Thus, Ca. Pelagibacter ubique clustered with the Rickettsiales in phylogenies inferred from proteins with a strong amino acid bias, suggesting that this clustering is an effect of nonphylogenetic signals in the data. In contrast, Ca. Pelagibacter ubique clustered with free-living members of the Alphaproteobacteria when the alignment included proteins that are less affected by the AT/GC compositional biases. The latter placement was also supported in an independent phylogenetic study of proteins in the respiratory chain complexes, which displayed weak AT/ FIG. 4. Inference of deletions/duplications and gene gains in the evolution of the Alphaproteobacteria. The flux of genes was estimated by mapping the 27,117 a-COGs on the alphaproteobacterial species tree using accelerated transformation as implemented by PAUP* (Swofford 2003) and penalty values 2 for genesis, 1 for deletion, and 1 for duplication. The analysis indicates that extensive genome reduction events have taken place at least three times independently in the Alphaproteobacteria (Candidatus Pelagibacter ubique, Rickettsiales, and Bartonellaceaea). The numbers at each branch denote, from top-left, the number of clusters gained, the number of clusters lost, and the number of clusters present at that branch, respectively. The surface of the filled circles at each (internal) node corresponds to the (reconstructed) genome size in a-COGs, and significant genome expansions (.20% net gains) and reductions (.20% net losses) are indicated in green and red, respectively.
Viklund et al. · doi:10.1093/molbev/msr203 MBE GC compositional biases across lineages (Brindefalk et al. 2011 ). Although we cannot exclude that phylogenies inferred from alignments with no amino acid bias would place Ca. Pelagibacter ubique even deeper within this clade, it is reassuring that its position remained unchanged in Bayesian phylogenies with the CAT-BP substitution model (supplementary fig. S1, Supplementary Material online) .
The new phylogenetic placement provides a logical explanation for the observation made previously that Ca. Pelagibacter ubique contains the conserved element C73 in histidyl-tRNA present in Rhizobiales, Caulobacter, and Silicibacter rather than the eukaryotic identity element A73 identified in the Rickettsiales (Ardell 2010) .
Is the High AT Content an Effect of Mutation Bias or Selection for AT?
It has been known since long that genomic GC content values generally are inversely correlated with genome size, with the lowest GC content values (,30%) recorded for host-associated bacteria with genomes less than 1 Mb in size (McCutcheon et al. 2009 ). However, despite extensive debate, the reason for the extreme variation in GC content in bacterial genomes is not fully resolved. Several different, and not mutually exclusive, hypotheses have been proposed. One argument for the high AT content in small genomes is that there is selection for the use of ATP, which is the most common nucleotide in the cell and less expensive to synthesize than GTP or CTP (Rocha and Danchin 2002) . Another hypothesis is that genome reduction is associated with the loss of genes to repair chemical damage in the DNA, which leads to a biased spectrum of mutations (Frederico et al. 1990; Michaels and Miller 1992) . A third hypothesis posits that mutations are AT-biased in all bacterial genomes and that a high GC content in some bacterial genomes is due to higher rates of biased gene conversion or is driven by selection for functions, such as replication, DNA packaging, defense against phages, or to create barriers against horizontal gene transfer (Hershberg and Petrov 2010) .
Obligate intracellular bacteria with small genomes have small effective population sizes, and it is therefore thought that selection does not influence the compositional figure 4 . Black boxes represent cases where orthologs could be detected for respective genes, whereas white boxes denote absence of such orthologs. In the SAR11 clade, none of these genes were identified in the open ocean strains HTCC1062, HTCC1002, and HTCC7211 (E,1 Â 10 À10 ). With the exception of recF, sod, xseA, and xseB, these genes were also missing from the coastal strain HIMB114 (E,1 Â 10 À10 ). Gray boxes denote cases where homologs could be identified, but which differed in size and/or in domain topology (see manuscript text for details). The Mug proteins that were identified in the Rhizobiales and in the Sphingomonadales were split into separate a-COGs (a-COG05136 and a-COG05723, respectively).
Genome Reduction in the SAR11 Clade · doi:10.1093/molbev/msr203 MBE patterns at noncoding sites and third codon positions (Andersson and Sharp 1996; Moran et al. 2008) . Since these bacteria also often lack essential repair functions, the high AT content at these sites is often assumed to reflect an atypically strong AT mutation bias. However, Hershberg and Petrov (2010) examined pathogens in which the relaxation of selection occurred recently and demonstrated that also these genomes show a strong mutational bias toward AT. They argued that because cytosine deaminations dominate the mutational spectrum in bacteria, all genomes evolve toward AT unless there is selection for GC (Hershberg and Petrov 2010) .
Ca. Pelagibacter ubique is of particular interest for this discussion since selection is assumed to be much stronger in this species than in the intracellular bacteria. As in Prochlorococcus, which are also abundant in the oceans and have small and AT-rich genomes, it is possible that the AT-bias in these species is driven by selection for AT (Dufresne et al. 2005) . If so, we might expect proteins involved in the repair of mutations leading to AT to be among the discarded set of genes in Ca. Pelagibacter ubique. To test this hypothesis, we examined the presence or absence patterns of genes involved in the repair of cytosine and guanosine modifications in all alphaproteobacterial species included in this analysis ( fig. 5B ). Cytosine deaminations are repaired by Ung and Mug uracil glycosylases that remove uracil in the G:U mispair and the Vsr endonuclease that removes thymine in the G:T mispair. Our analyses showed the mug and vsr genes to be missing, but these genes were also absent from several alphaproteobacterial genomes of different sizes and genomic GC content values, suggesting that this does not explain the Table 3 . Representation of mutL, mutS, and Candidatus Pelagibacter ubique genes with similar characteristics in the upper surface waters in comparison to their representation among all sequenced prokaryotic genomes.
AT-bias. Notably, the ung gene was retained in all Alphaproteo bacteria, including Ca. Pelagibacter ubique.
Oxidation damage, such as the oxidation of G to form 7,8-dihydro-8-oxoG (8-oxoG) , should be particularly common in the oxygen-rich surface waters of the oceans. Nudix hydrolases (MutT) act by hydrolyzing 8-oxo dGTP to 8-oxo dGMP and PPi, thereby preventing the misincorporation of oxidized dG into the DNA. This enzyme is a member of a broad family of NTP pyrophosphohydrolases implicated in diverse functions and is present in all Alphaproteobacteria, except possibly some members of the Rickettisales. We identified only a single gene with a NUDIX domain in the genome of the Ca. Pelagibacter ubique HTCC1062. The gene is conserved in both sequence and gene order structures across all other SAR11 strains. Another two genes were identified in the other strains, but none clustered specifically with the E. coli MutT/ Nudix protein in the phylogenetic analysis and the residues at the active site of the sole gene in strain HTCC1062 indicate a role in folate biosynthesis rather than in DNA repair. Thus, the MutT repair function appears to be missing.
This loss is counterintuitive since strains lacking an active MutT protein are strong, specific mutators, showing up to a 10,000-fold enhancement of A:T/C:G transversions due to the pairing of 8-oxo dGTP with template A (Fowler and Schaaper 1997; Fowler et al. 2003) . However, if the concentrations of free dNTP are low, the need for a system to repair oxidation damage to free dGTP might also be low. If instead the oxidative damage occurs on dG residues already incorporated into the DNA, and this damage is not repaired, the resulting 8-oxo dG may mispair with A in the next round of replication, generating G:C / A:T transversions (Jayaraman 2009 ). The genes for the MutM and MutY glycosylases that repair 8-oxoG paired with C in the DNA could be identified in the genome, suggesting that selection in this case acts to prevent G:C / A:T transversions.
Yet another common type of spontaneous mutation resulting in AT mutation bias is alkylation and methylation of dG due to mispairing with A in the next round of replication. The AGT enzyme is an alkyltransferase that transfers the alkyl moiety from the DNA to itself in a suicide mechanism. A reduced capacity to repair such lesions was initially dismissed as an explanation for the high genomic AT content since a gene with similarity to agt/ada could be identified in the Ca. Pelagibacter ubique genome . However, a closer inspection shows that the agt gene in Ca. Pelagibacter ubique lacks the segment encoding the N-terminal ribonuclease domain, which is required for the transfer of the methyl moiety from the DNA to the enzyme (Fang et al. 2005) . Moreover, a reduced ability to repair methylated dG-residues even in the presence of the AGT enzyme have been shown for cells lacking genes for any of the proteins MutS, MutL, or Vsr (as is the case in Ca. Pelagibacter ubique) (Rye et al. 2008) . Although the function of the truncated agt gene remains to be determined, this suggests that the repair of alkylation and methylation damages to dG-residues in the DNA is compromised in Ca. Pelagibacter ubique.
To place these results in a broader context, we analyzed more than 1,000 bacterial genomes for the presence or absence patterns of these genes. The analysis showed that the mug and vsr genes are rare in bacterial genomes overall (,20%) and absent from all genomes below 1.4 Mb in size (table 4), consistent with their scattered distribution in the Alphaproteobacteria ( fig. 5 ). The mutT and agt genes are present in more than 75-95% of bacterial genomes with large sizes, respectively, but in less than 25% of bacterial genomes of small sizes, including those with high GC contents. Hence, the presence or absence patterns of these genes seem to correlate with genome size rather than with GC content.
The most striking observation is that the ung gene has not been discarded in Ca. Pelagibacter ubique, despite being absent from more than 80% of the small genomes with high genomic AT content values. This is particularly remarkable since cytosine deaminations are considered to be the strongest cause for an AT-bias mutation pressure, and Ung the most important repair enzyme of such lesions. Thus, the presence of the ung gene suggests that selection counters, rather than favors the accumulation of AT mutations in the SAR11 group of bacteria (Hershberg and Petrov 2010) . Taken together, our analysis of the loss and retention of repair systems argues against hypotheses that associate the high genomic AT content in Ca. Pelagibacter ubique with selection to lower the nitrogen requirements for DNA synthesis ).
Unique Loss of Genes for Recombination-Repair Processes
Ca. Pelagibacter ubique is also remarkably different from the other alphaproteobacterial species in its repertoire of genes for homologous recombination. Whereas RecA, the main protein involved in homologous recombination is present in Ca. Pelagibacter ubique (a-COG00513), the two pathways involved in the initiation of homologous recombination, the RecBCD and RecF pathway, are absent or are inferred to differ uniquely from that of other Alphaproteobacteria. The RecBCD complex, which helps loading RecA onto double-stranded gaps, is absent. In Caulobacter Pelagibacter ubique is unique in that it lacks the recF gene (a-COG00626), suggesting that it might utilize the recently proposed RecF-independent pathway for loading of RecA for single-strand gap repair, the RecOR pathway (Sakai and Cox 2009) . Of two other components involved in the presynaptic step of single-strand gap repair, RecJ (a-COG00577) and RecQ (a-COG01315), the latter protein is missing from Ca. Pelagibacter ubique. The RecF pathway has been shown to also initiate recombination at doublestranded breaks in recBC mutants, provided that sbcD, which encodes an ssDNA exonuclease, is deleted or inactivated (Rocha et al. 2005) . Given that sbcD is absent from the Ca. Pelagibacter ubique genome, we speculate that the simplified RecOR pathway might initiate homologous recombination at both single-stranded and double-stranded breaks in Ca. Pelagibacter ubique.
Also missing from the genome of Ca. Pelagibacter ubique are genes involved in the postsynaptic stage of recombination repair, such as the ruvABC genes that encode the Holliday junction resolvase complex. The genes encoding the RecA protein and the RuvAB complex tend to co-occur in bacterial genomes, with the exception of a few endosymbionts and Aquifex aeolicus that contain recA but not ruvAB (Rocha et al. 2005) . Like Ca. Pelagibacter ubique, these genomes do contain the recG gene, which encodes another Holliday junction helicase that may functionally replace the missing ruvAB genes (Rocha et al. 2005) . Although all Alphaproteobacteria contain ruvC, which encodes the resolving endonuclease, this gene is less conserved in bacteria and may be replaced with other resolvases, such as the RecU resolvase. However, Ca. Pelagibacter ubique lacks the recU gene as well. An alternative putative resolvase is the RuvX/ YqgF homolog (SAR11_1079), which has a predicted but not yet experimentally determined Holliday junction resolvase activity (Aravind et al. 2000) . Altogether, this suggests that the postsynaptic recombination repair system in Ca. Pelagibacter ubique operates with a different efficiency and/or accuracy than in other bacteria.
Unique Loss of the Mismatch Repair System
The mismatch repair system encoded by mutS and mutL represents one of the most important repair systems in bacteria. Remarkably, neither the mutL nor the mutS gene could be identified in any of the SAR11 strains with sequenced genomes, despite their presence in all other alphaproteobacterial genomes, including the Rickettsiales. These genes are highly conserved also in other bacteria, being present in about 75% of all sequenced bacterial genomes and in about 50% of the smallest genomes (table 4) .
The mutSL genes for the mismatch repair system corrects base pair mismatches and acts as an anti-recombinant by preventing homologous recombination of slightly diverging sequences (for a review, see Jayaraman 2009). Studies with laboratory strains carrying mutations in the mismatch repair system have shown increases in evolutionary rates of up to 1,000-fold for nucleotide substitutions and a similar fold-increase in recombination frequencies (Jayaraman 2009) . Moreover, about 50-fold increases in deletion rates have been recorded for Salmonella strains that carried mutations in mutS (Nilsson et al. 2005 ). Although we cannot exclude the possibility that some other step in the replication-repair processes are hyperaccurate and/or that Ca. Pelagibacter ubique contains a novel type of mismatch repair system, all evidence to date suggest that the SAR11 clade evolves under enhanced rates of nucleotide substitutions, recombinations, and deletions, consistent with the long branch lengths observed in our phylogenies ( fig. 1 and supplementary figs. S1-S3 and S5-S8, Supplementary Material online).
Is the Evolutionary Rate Enhancement Temporary or Permanent?
Species that thrive in the highly oxic surface layers of the oceans, with high exposure to both oxygen and UV irradiation, have to adapt rapidly to changing conditions in nutrients, temperature, and UV light. High evolutionary rates are advantageous in that they generate variability in the population, upon which selection can act to facilitate adaptations to the changing conditions of the oceans. High recombination frequencies are particularly advantageous in that they facilitate shuffling and combination of beneficial alleles, thereby enabling a rapid increase in the fitness of the population beyond what is possible by nucleotide substitutions alone. On the other hand, evolutionary theory predicts that genome reduction (Toft and Andersson 2010) , and loss of the mismatch repair system (Giraud et al. 2001) will eventually lead to overspecialization and lack of adaptability, because of the reduced fitness caused by an increasing accumulation of deleterious mutations and the accidental loss of essential gene functions. High evolutionary rates have been recorded for strains isolated from natural bacterial populations that lack the mismatch repair systems. However, such ''hypermutators'' are typically present in only a low fraction of the population, although up to 36% of the isolated cells of Pseudomonas aeruginosa in cystic fibrosis patients have been reported to be of this type (Oliver et al. 2000) . It is therefore generally thought that bacterial populations with extremely high substitution and recombination rates can only persist temporarily. Viklund et al. · doi:10.1093/molbev/msr203 MBE Genes encoding for components of the mismatch repair system have as yet not been identified in any strain of Ca. Pelagibacter ubique. Moreover, we found these genes to be underrepresented in the metagenomic sequences from the oceanic upper surface layers, raising the possibility that they might be absent from the entire SAR11 population sampled in these experiments. However, it should be recalled that these strains and sequences were obtained from the upper surface waters of the oceans, and genome sequence data of SAR11 strains present in deeper oceanic levels are currently lacking. Thus, it is tempting to speculate that the high evolutionary rates are slowed down by the occasional regain of the mutSL genes. This leads to the testable hypothesis that the mutSL genes are present at higher frequencies at deeper levels but lost during adaptations to new ecological niches in the oceans. A quantitative measurement of evolutionary rates in relation to the relative abundance of mutLS and other recombination-repair genes in the SAR11 population at different seasons, depths, and temperatures is clearly in place.
In conclusion, Ca. Pelagibacter ubique offers a unique model system for studies of small bacterial genomes in which the correlation between nucleotide substitutions and recombination can be examined for bacteria that evolve under strong selective constraints in large populations. Rapid rates of evolutionary change, due to loss of genes for the mismatch repair system and other proteins involved in repair and recombination processes could help explain all the main characteristics of Ca. Pelagibacter ubique: the long branch length ( fig. 1) , the small genome size , the high recombination frequencies (Vergin et al. 2007; Vos and Didelot 2009) , the high variability in gene content Gilbert et al. 2008) , and the high genetic divergence (Giovannoni et al. 1990 ) between strains in the SAR11 population.
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